SUMMARY. Establishment of a weed-suppressive cover crop after vegetables harvested early in the season is important in the northeastern United States because of the short growing season. Buckwheat (Fagopyrum esculentum) is an effective cover crop in vegetable production because of its short growing season, ability to outcompete many weeds, resistance to damage by insects and disease, and requirement for only moderate soil fertility. In two separate 3-year field experiments, we determined the best tillage techniques and the optimal timing for use of buckwheat as a cover crop after early vegetables in the northeastern United States. Incorporating crop residue with a disk was necessary and provided sufficient tillage to obtain a weedsuppressive buckwheat stand. Buckwheat growth was stunted when direct seeded with a no-till drill immediately after pea (Pisum sativum) harvest because of poor soil penetration by buckwheat roots. Planting buckwheat after incorporating the pea crop was successful; waiting 1 week to plant was optimal, whereas a 2-week wait produced a weaker stand. We determined that optimal timing for sowing buckwheat in central New York was late June to early August. Generalizing to other geographical regions in the United States, we calculated that a minimum accumulation of 700 growing degree days is necessary to reach 1 to 1.5 tons/acre of buckwheat dry matter at the appropriate growth stage for incorporation (6 weeks after sowing).
M any vegetable growers prefer to stagger harvest over the growing season. In the northeastern United States, however, the growing season is too short to follow early-harvested cool-season crops with a second vegetable crop, but long enough that summer weeds can be problematic in fallow fields. Cover cropping can provide effective weed control, but the practice must be simple to implement. In the northeastern United States, there are few options available fitting the requirement for a rapid-growing summer cover crop. The short growing season, disease resistance, and low cost of buckwheat make it an ideal option for weed control (Björkman et al., 2008; Clark, 2007; Magdoff and van Es, 2000; Sarrantonio, 1994) .
Vegetable growers considering implementation of buckwheat as part of their weed management and soil conservation practices are confronted with several questions. First, is notillage (NT) planting effective and if not, how much tillage is necessary? Second, how long after incorporating the crop residue must one wait to sow buckwheat? Third, what are the earlyand late-season limits for seeding buckwheat? Fourth, what is the dry matter yield of the buckwheat cover crop? The current research addresses these questions and offers production advice on the implementation of buckwheat as a cover crop option in vegetable production.
Growers need inexpensive, simple, and effective methods for using cover crops for soil conservation and weed management. Traditionally, growers are advised to wait 2 weeks before planting a cover crop following vegetable harvest (Magdoff and van Es, 2000) . Björkman (2010) recommended sowing buckwheat, to be harvested for grain, in early July in the northeastern United States. We sought to determine whether the buckwheat cover crop could be planted less than 2 weeks following pea harvest to test whether a quicker planting of the cover crop might suppress weeds even better. We also examined different planting treatments to evaluate the extent to which tillage might be reduced. Finally, we varied the date of buckwheat planting to determine when during the summer a successful stand can be established.
The incorporation of fresh organic matter can result in the presence of phytotoxins or increased microbial activity detrimental to germinating seeds and young seedlings (Cochran et al., 1977) . The emergence of sweet corn (Zea mays) and lambsquarters (Chenopodium album) are negatively affected by crimson clover (Trifolium incarnatum) residue (Dyck and Liebman, 1994) . Phytotoxins and microbes and/or their by-products may result in seedling mortality or loss of vigor. Therefore, planting a cover crop immediately after incorporating fresh crop residue is not recommended, and a 2-week wait is the common recommendation (Magdoff and van Es, 2000) . However, that recommendation precludes many cover crops and severely reduces the possibility of double-cropping vegetables. (Parr and Papendick, 1978) . Vegetable crop residue may be high in nitrogen (N) and low in phenolics immediately following incorporation. Incorporated pea residue, in particular, contributes to high soil carbon (C) and N levels as well as increased overall microbial biomass and microbial enzymatic activity (Fauci and Dick, 1994) . In young pea residue, the C to N ratio (C/N) is less than 20 (Copas, 2010) , which represents a N content that permits substantially higher decomposition rates than when C/N is greater than 20 (Nicolardot et al., 2001) . High-N residues decompose faster than low-N residues (Bruun et al., 2006; Lupwayi et al., 2004; Nicolardot et al., 2001; Sarrantonio, 2003) . Legume residue with a C/N less than 20 can provide net N mineralization within 10-20 d, whereas the equivalent amount of N in more mature residue (C/N = 25-50) can take many months to be available (Bruun et al., 2006; Sarrantonio, 2003) . In fact, soil microbial activity can peak in the first week after incorporation of green pea residue (Lupwayi et al., 2004) . Furthermore, buckwheat is less affected by N tie-up than most other cover crops, and may grow even when N availability is reduced by freshly incorporated residue (Stone, 1906) . Nevertheless, the buckwheat seed could be sensitive to soilborne pathogens stimulated by the crop residue (Björkman, 2001 ). FIELD TREATMENTS FOR TILLAGE AFTER VEGETABLES. Treatment plots of 10 · 200 ft were assigned in a completely randomized design with four replications and the following treatments: fallow, no-tillage (NT), disk (D), chisel and disk (C), disk and wait 1 week (D1) or 2 weeks (D2) to plant the buckwheat. Buckwheat planting dates were based on time of pea maturation and incorporation. The buckwheat planting dates for NT, C, and D were 5 July 2005, 13 July 2006, and 18 July 2007, respectively, whereas D1 and D2 were sown 1 and 2 weeks later, respectively. Buckwheat seed [Cover Crop Seed (variety not stated); The Birkett Mills, Penn Yan, NY] was sown at 55 lb/acre with a no-till drill.
Materials and methods
Establishment and growth of buckwheat cover were documented by collecting stand counts at 1 and 4 weeks after seeding and biomass at 4 and 6 weeks after seeding. At 1 and 4 weeks after seeding, stand count was measured by counting the number of seedlings in a 1-m 2 plot placed randomly within the planting area. Buckwheat groundcover was measured using the beaded-string method (Morrison et al., 1995) , with a 25-ft string having two marks per foot strung diagonally across the width of the plot. At 4 and 6 weeks after seeding, buckwheat biomass was determined by harvesting all aboveground biomass in 1-m 2 plot, separating buckwheat from weeds, drying both for at least 72 h at 70°C in a forced-air oven, and weighing both. The effectiveness of weed suppression by buckwheat was determined by comparing weed growth in buckwheat plots with weed growth in buckwheatfree subplots. One-square-meter subplots within each treatment were sprayed with glyphosate (Roundup WeatherMax Ò ; Monsanto, St. Louis, MO) shortly after the buckwheat germinated (at 3-4 d) but before the weeds emerged (at 7-8 d). Weed dry weights in the 1-m 2 subplots within each treatment were determined.
Growing degree days (GDD 50 ) were calculated based on daily temperatures measured at a weather station at the field site on the Cornell University New York State Agricultural Experiment Station Vegetable Research Farm, Geneva, NY. The planting date map was generated by the Northeast Regional Climate Center (Cornell University, Ithaca, NY) using temperature data from 1981 to 2010 for all monitoring stations in the region. The formula identified the latest planting date in summer for which greater than 700 GDD 50 would accumulate in the subsequent 6 weeks. The daily normal GDD 50 for 1981-2010 was summed for 42 d beginning after the termination of the growing season (31 Oct.), going backward in 1-d increments until GDD 50 reached 700, or 1 June. 31 Oct. was selected because it is known to be too late in the season for sufficient heat units to accumulate.
FIELD TREATMENTS FOR PLANTING DATE TRIAL. Fields left fallow over winter were plowed in the spring. Individual plots measured 10 · 200 ft. The plots were planted sequentially within each of the four blocks, harrowing the ground of each strip immediately before planting buckwheat. Each strip was planted with a 10-ft drill, at 50 lb/acre. Plantings were done about every 10 d, weather permitting, beginning as soon as the ground could be worked (typically mid-May) and ending just before the average first frost (25 Sept.), for a total of 7 to 10 plantings.
Statistical analyses were performed with JMP (version 9; SAS Institute, Cary, NC). The buckwheat and weed response to tillage were analyzed using a General Linear Model with treatments nested within year to estimate treatment means and to test designed contrasts. The planting date results were analyzed as a one-way analysis of variance (ANOVA) to determine the least significant difference independently for each year. The data closely fit a normal distribution, and data were analyzed accordingly.
Results

TILLAGE AFTER VEGETABLES.
If buckwheat was planted directly after pea incorporation with a no-till drill, weed suppression was not satisfactory relative to the tilled treatments; but it was superior to the fallow treatment, in which weeds quickly established (Fig. 1) . Buckwheat emergence was similar in all treatments, although NT resulted in lighter green seedlings (Fig.  1) , forecasting their subsequent weak growth. Incorporating crop residue with a disk provided sufficient tillage; chisel plowing to fracture the plow layer was not necessary (Fig. 1) . When buckwheat was planted 2 weeks following disking, germinated weed seedlings were already large enough to compete with the buckwheat seedlings (Fig. 1) . Weed competition was less problematic when buckwheat was planted 1 week following pea incorporation and disking.
In the NT treatments, there was no loss of plants during vegetative growth (Table 1 ) because of selfthinning or root rot and no reduction in seedling emergence ( Table 2 ). The NT buckwheat produced only half as much dry matter at harvest as the tilled treatments (Table 3 ). The tilled treatments resulted in % 95% weed control, whereas, the NT treatment gave only % 65% weed control (Table 4) . The poorer NT performance was due to slower buckwheat growth and not to a reduced stand.
The conditions needed for chisel plowing to make a difference (e.g., ponding after rainfall) did not occur, therefore, this treatment had no effect in the present trial. Fracturing the pan layer by chisel plowing did not improve stand establishment (Table 1) nor seedling survival rate (Table 2) , as it would have if poor water percolation caused seed rot (Björkman, 2001) . Chisel plowing also had no effect improving buckwheat dry matter production (Table 3) as shallow compaction did not prevent adequate root development, and did not reduce weed populations (Table 4) . We cannot exclude the possibility that chisel plowing would offer improved benefit if rain events were sufficient to cause standing water or in heavier soils.
POSTINCORPORATION INTERVAL. Delaying the buckwheat planting by 1 week after incorporation of the pea crop improved stand (Table 1) and biomass (Table 3 ) compared with immediate planting after incorporation of the pea crop. Increasing the interval between pea incorporation and seeding buckwheat to the typical 2 weeks reduced buckwheat stand and growth. Weed control was not diminished by shortening the wait time.
PLANTING DATE. For optimal weed suppression, buckwheat must quickly provide ground coverage. We used 70% soil coverage at 3 weeks after seeding as the criterion for success because this level suppressed early weed growth in preliminary trials. In replicated trials from 2006 to 2008, 60% to 70% groundcover at 20 d was first achieved with plantings established mid-June (Fig. 2 ) when 400 GDD 50 had accumulated since seeding (Fig. 3) .
Plant vigor is dependent on warm soil and air temperatures in addition to plant genetics. Vigorous early growth, as indicated by plant height at flowering, occurs with planting dates between Treatments are indicated on each photo. Photos were taken 7 d after seeding buckwheat cover crop in the respective treatments. Fallow treatments planted 1 week (D1) or 2 weeks (D2) after incorporation by disking looked similar to the fallow treatments planted immediately after disking (D) or chisel plowing and disking (C) at the same time point (data not shown). In the no-tillage treatment, established weeds continued to grow; buckwheat seedlings came up quickly but were noticeably paler than in the tilled treatments. In the treatment in which buckwheat was seeded 2 weeks after disking (D2), weed seedlings emerged before or at the same time as buckwheat. late June to early August, when at least 700 GDD 50 are accumulated over 4 to 6 weeks before flowering (Figs. 4 and 5) . Six weeks after planting, buckwheat dry biomass can be expected to average 1.5 tons/acre (Fig. 6) . The optimal time to terminate the buckwheat cover crop is when vegetative growth is mostly complete and plants are in full flower, but seeds are not yet viable. In buckwheat the optimal time is typically 6 weeks after planting during a warm growing season. Buckwheat yields were considerably higher in 2008 following a long-term (3 year) alfalfa (Medicago sativa) stand preceding pea planting (Fig. 6) (Fig. 6) . In each year, biomass accumulation increased linearly with GDD 50 beginning at 450 GDD 50 (Fig. 7) , achieving maximum biomass at 700 GDD 50 . The slope (biomass per degree day) was positively correlated to soil fertility, whereas drought or flood produced less biomass. Buckwheat requires at least 700 GDD 50 in 6 weeks after planting to produce sufficient biomass of 1.5 tons/acre (Fig. 7) and justify its use as a cover crop. In New York State, buckwheat must be planted by early August to achieve this minimum heat accumulation. Optimal buckwheat planting date for weed suppression was about early June to early July in all 3 years (Fig. 8) . Weeds grew very little under the established buckwheat canopy, and were sometimes completely absent. The summer weeds normally present in the buckwheat-free subplots were z NT = no-tillage, D = disk, C = chisel and disk, D1 = disk and 1-week wait, D2 = disk and 2-week wait. Treatment in underlined bold indicates the preferred treatment at statistical significance of P £ 0.05. y Mean = 450,000 plants/acre; 1 plant/acre = 2.4711 plants/ha.
x Standard (i.e., recommended) wait. Table 3 . Optimum treatment in buckwheat dry matter production at 6 weeks after sowing, when buckwheat cover crop is typically ended, was determined using test of contrasts, pooled over 3 years. z NT = no-tillage, D = disk, C = chisel and disk, D1 = disk and 1-week wait, D2 = disk and 2-week wait. Treatment(s) in underlined bold indicate the preferred treatment(s) at statistical significance of P £ 0.05. y Mean = 0.84 ton/acre; 1 ton/acre = 2.2417 MgÁha -1 .
x Standard (i.e., recommended) wait. z NT = no-tillage, D = disk, C = chisel and disk, D1 = disk and 1-week wait, D2 = disk and 2-week wait. Treatment(s) in underlined bold indicate the preferred treatment(s) at statistical significance of P £ 0.05. y Mean weed biomass in buckwheat stand was 74% lower than in the buckwheat-free subplot control.
x Standard (i.e., recommended) wait. Fig. 2 . Effect of planting date on early buckwheat groundcover. Groundcover was measured with the beaded-string method 20 d after sowing. Rapid soil cover is an important mechanism of weed suppression, and 60% to 70% early cover was sufficient to outcompete most weeds. Planting dates between 15 June and 20 Aug. resulted in sufficient groundcover to suppress weeds. powell amaranth (Amaranthus powellii) and giant foxtail (Setaria faberi).
Discussion
Tillage is necessary for optimal weed suppression when buckwheat is used as a cover crop following earlyseason vegetables. Because of the fine root structure of buckwheat, notillage seeding into a pea crop residue is not sufficient, because the soil is too hard for buckwheat establishment. Disking provides tillage for establishment of buckwheat and subsequent weed control. Plowing is excessive tillage under normal conditions and can be omitted to preserve soil condition and reduce cost.
Traditionally, waiting 2 weeks following early vegetable incorporation before planting a cover crop is recommended (Magdoff and van Es, 2000) . However, in that short time, perennial weeds become established and cannot be suppressed by a subsequent cover crop. There is a tradeoff between allowing weeds to grow and waiting for inhibitors from the crop residue to subside. With ample rain before buckwheat emerges, weeds grow sooner, and the balance shifts to favor earlier planting of a cover crop. It could be argued to cultivate weeds before sowing buckwheat, but vegetable production already includes more tillage steps than is good for soil health, so the best scenario would be to minimize tillage and therefore reduce the cost of establishing a cover crop. We tested the most conservative tillage for the buckwheat cover crop, but growers may choose additional cultivation for weed management if weather prevents timely planting or weed pressure is extreme. An additional benefit to a shorter wait time for sowing the cover crop would be to maximize the growing time for the fall crop, especially in regions such as the northeastern United States with short growing seasons (125-175 d) . In the hope of realizing the numerous benefits of decreasing the 2-week period, we sought to determine whether that wait could be shortened. Our results indicate that a 1-week wait following incorporation of early vegetables is sufficient and superior to a 2-week wait. Delaying the buckwheat planting by 1 week after incorporation of the pea crop yielded improved buckwheat stands and biomass compared with planting immediately after incorporation of the pea crop or waiting 2 weeks postincorporation. In addition, shortening the postincorporation time did not affect weed control in buckwheat.
Buckwheat suppresses weeds and produces a useful amount of biomass only if the temperature is warm enough for it to grow rapidly. Although there was considerable variation among the years examined (2006-08), a consistent pattern emerged. When the weather was cool in the spring, early buckwheat growth was too slow to outcompete weeds, but subsequent growth produced abundant biomass. In the middle of summer, when the heat accumulation was >700 GDD 50 , both weed suppression and growth were excellent. When planted later in the season, buckwheat seedling establishment was strong, but growth ceased before much biomass could accumulate. This pattern was used to generate a map for the northeastern United States showing the estimated last planting date for a buckwheat cover crop (Fig. 9) . The dates vary over 3 months (1 June to 1 Sept.) across the region, indicating that planting-date recommendations must be location-specific.
Conclusions
Buckwheat is a successful cover crop for weed suppression after early peas. Growers should be aware that tillage is required when using buckwheat for weed control, and that disking provides sufficient tillage. Our results indicate that a 1-week wait following residue incorporation of early vegetables is sufficient, and is in fact superior to a 2-week wait. Planting ) plot, drying, and measuring dry weight; 1 ton/acre = 2.2417 MgÁha L1 . Fig. 8 . Effect of buckwheat planting date on weed biomass in buckwheat stand at 6 weeks after planting. Weed biomass was determined by measuring weed dry weight at 6 weeks, the time a buckwheat cover crop would normally be ended; 1 ton/acre = 2.2417 MgÁha L1 .
• October 2013 23 (5) buckwheat 1 week after incorporation of pea crop residue improved buckwheat stands and biomass in comparison with planting immediately or waiting 2 weeks following incorporation. The potential for rapid growth is an advantageous characteristic of buckwheat in the northeastern United States, yet temperatures must be high enough for buckwheat to thrive and produce an adequate amount of biomass to suppress weeds. A heat accumulation of ‡700 GDD 50 yielded excellent buckwheat growth and subsequent weed suppression, and therefore can be used as a guide when planting buckwheat as a cover crop. In the northeastern United States, optimal buckwheat planting dates for weed management typically range from about early June to early July.
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